The field of printed electronics is still in its infancy and most of the reported work is based on commercially available nanoparticle-based metallic inks. Although fully printed devices that employ dielectric/semiconductor inks have recently been reported, there is a dearth of functional inks that can demonstrate controllable devices. The lack of availability of functional inks is a barrier to the widespread use of fully printed devices. For radio-frequency (RF) electronics, magnetic materials have many uses in reconfigurable components but rely on expensive and rigid ferrite materials. A suitable magnetic ink can facilitate the realization of fully printed, magnetically controlled, tunable devices. This report presents the development of an iron oxide nanoparticle-based magnetic ink. First, a tunable inductor is fully printed using iron oxide nanoparticle-based magnetic ink. Furthermore, iron oxide nanoparticles were functionalized with oleic acid to make them compatible with a UV-curable SU8 solution. Functionalized iron oxide nanoparticles were successfully embedded in the SU8 matrix to make magnetic substrate. The as-fabricated substrate was characterized for its magnetostatic and microwave properties. A frequency tunable printed patch antenna is demonstrated using the magnetic and in-house silver-organo-complex (SOC) inks. This is a step towards low-cost, fully printed, controllable electronic components.
Introduction
Since printing technology presents a low-cost, high-throughput, and completely digital fabrication process, it is becoming popular with electronics manufacturing. [1] The roll-to-roll manufacturing capability of printing makes it a viable option for mass production to meet the medium-to-large volume production requirements. Several reports have described the development of conductors, dielectric and semiconductor inks for transistors, [2] [3] [4] photovoltaic [5] [6] memory devices, [7] [8] [9] sensors, [10] [11] [12] biological devices, [13] [14] and radio-frequency (RF) electronics [15] [16] [17] . However, there are few reports of fully inkjet-printed devices. [6] [7] [8] [9] [18] [19] For fully printed components and devices, different materials inks must be developed since this field is still immature. Fully printed microwave components were recently demonstrated by combining 3D inkjet printing of dielectrics with 2D printing of metallic inks. [20] The next generation of fully printed components and systems should have the ability to control their performance, such that they can be tuned or reconfigured when necessary; this requires the development of functional inks that are magnetic, ferroelectric, or piezoelectric.
In RF electronics, tunable or reconfigurable components are becoming important due to the proliferation of new wireless devices, different wireless standards in different parts of the world, and high congestion in the existing bands of wireless communication. Furthermore, magnetic materials have been used effectively for tunable and reconfigurable components such as inductors, antennas, and phase shifters. [21] [22] [23] [24] [25] . Recently, many such designs have been shown in multilayer ferrite LTCC (Low Temperature Co-fired Ceramic) technology. [26] [27] [28] [29] [30] But, LTCC technology is quite expensive and it will be really neat if the same things can be done through printing technologies. However, there is a paucity of functional inks with magnetic properties and few reports on magnetic ink-printing. Hoseon Lee et al. [31] demonstrated inkjet printing of commercially available, cobalt-based, ferromagnetic nanoparticles (~200 nm) for the miniaturization of flexible printed inductors. These metallic cobalt nanoparticles usually require surface passivation to avoid the oxidation problem. Han Song et al. [32] utilized an interesting approach to align the cobalt nanoparticle ink with an external magnetic field during printing to enable prototyping and development of novel, magnetic, composite materials and components. Murali Bissannagari et al. [33] inkjet-printed NiZn-ferrite films using NiZn-ferrite nanoparticle-based ink, completing its magnetic characterization. All the above inks are metallic in nature, but a magnetic ink with dielectric (insulator) properties is required for tunable RF applications. Though there is a commercial magnetic ink solution available from Sigma Aldrich [34] , it has a low concentration (<1 wt%) of iron oxide nanoparticles and is not suitable for these RF applications. Thus, no tunable or reconfigurable, fully printed RF component based on magnetic ink has been reported to date.
This paper first presents an iron oxide nanoparticle-based magnetic ink, which has been completely characterized for its material properties, and then demonstrates its utility through fully printed, magnetically controllable RF devices. A simple solution method to synthesizing well-dispersed, uniform, magnetic, iron oxide NPs was adopted. These iron oxide NPs were used for ink-formulation and then to demonstrate the fully inkjet printed tunable inductor.
These iron oxide nanoparticles were also used with the aim of making free-standing magnetic substrates. Inspired by the 3D-printing technology where polymeric resin materials are used that can immediately solidify on exposure to a low-cost UV lamp, SU8 polymer was selected to develop thick substrates. [35] This SU8 solution can be cross-linked through polymerization by UV-exposure to make thick solid films. Through functionalization of iron oxide nanoparticles with oleic acid (to make it compatible with a UV-curable SU8 solution), the functionalized iron oxide nanoparticles were successfully embedded in the SU8 matrix, creating a free-standing, magnetic substrate. The magnetic ink was characterized for its magnetic and high frequency properties. Finally, a patch antenna was printed on the magnetic substrate with an in-house silver ink; the printed antenna can be tuned for its frequency by applying magnetic fields across it. This first demonstration of a fully printed controllable RF device is an important milestone for the next generation of low-cost tunable and reconfigurable components that can be completely realized through additive manufacturing.
Results and Discussion

Synthesis and Functionalization of Iron Oxide NPs
Iron oxide NPs were prepared at 90 °C with iron (II) chloride, iron (III) chloride, NaOH, and acetic acid using the hot-injection solution method for 30 minutes, without the use of any complex reagents. The presence of acetic acid and addition of sodium hydroxide at heating temperature played an important role in the formation of small iron oxide NPs. If sodium hydroxide was added to the boiling solution with the presence of acetic acid, higher temperatures generally caused faster reaction rates, generating large amounts of nuclei in a short time and leading to the formation of small nanoparticles. [2] Iron oxide NPs usually possess typical magnetic behavior at room-temperature, which has been widely explored for many applications, either in the form of discrete nanoparticles or thin-film-based devices. [36] [37] [38] [39] However, to the best of the authors' knowledge, there is no report on iron oxide NP-based ink formulation for inkjet printing. Several significant issues related to magnetic ink formulation must be addressed. For example, magnetic materials should be nanoparticle sized and be well disperse during formulation, ink viscosity and surface tension must be suited for inkjet printing, and ink must contain the appropriate concentration and a carrier vehicle (solvent). In the field of printed electronics, similar to other emerging electronic technologies, new materials and processing methods are required for their continually improving development and performance.
The as-prepared iron oxide NPs show good dispersion with de-ionized (DI) water and were successfully utilized as a solvent for inkjet printing. To be compatible with SU8 polymeric resin, iron oxide requires functionalization on the surfaces of nanoparticles. SU8 2002 manufactured by MicroChem [35] is usually composed of an epoxy that is dissolved into an organic solvent (e.g. cyclopentanone). Oleic acid is well known and has been successfully used as a molecule for functionalization of iron oxide nanoparticles in many published papers, especially in the case of biological applications. [40] The selection of oleic acid is due to its compatibility with cyclopentanone of SU8 polymeric resin in addition to many common organic solvents. Furthermore, the choice of SU8 is also due to its low wt% of resin with low viscosity solvent composition and its photo-curing capability. A number of other photocurable polymeric resins are available but due to their high content of resin (>99%) and high viscosity, it is very challenging to embed the nanoparticles in those resins. Thus, for compatibility with SU8 2002, iron oxide nanoparticles were functionalized with oleic acid, as shown in Figure   1a . The physical adsorption of oleic acid molecules on the surfaces of iron oxide NPs leads to compatibility with the SU8 matrix, as the long chain of oleic acid interacts with the organic solvent. Subsequently, these SU8-mixed nanoparticles were pre-heated at 80 0 C for 15 minutes, followed by UV curing with a wavelength of 365 nm for 30 minutes to solidify the mixture. Figure 1 shows the carbon content in addition to Fe and O, which confirms the functionalization on the surfaces of iron oxide NPs. The SU8 mixed iron oxide NPs (g) show even higher carbon content, primarily due to SU8 molecules. The SU8-mixed, iron oxide morphology (d) confirms that nanoparticles are well embedded in the SU8 matrix. The particle's size and shape is further confirmed by its corresponding transmission electron microscopic (TEM)
images. Figure S1 shows TEM image, high resolution (HR) TEM image, and selected area diffraction (SAED) pattern of (a) pure, (b) functionalized, and (c) SU8-mixed iron oxide NPs.
From the TEM images, it is confirmed that nanoparticles are in various shapes such as spherical, cubic and elongated. Such shapes are common in iron oxide nanoparticles during the nucleation and growth formation which has also been confirmed by other researcher. [40] The functionalization of iron oxide is also visualized by an HR-TEM image (b2) that shows ~2 to 3 nm of carbon shell on the core of the nanoparticles. Furthermore, the HR-TEM image (c2) of the SU8-mixed sample shows a thick boundary of the SU8 carbon-coated matrix, in which iron oxide nanoparticles are suspended. The SAED patterns (a3-c3) for all the samples, confirmed the poly-crystallinity phase of as-grown iron oxide NPs, correspond to the cubic spinel structure. Due to thick boundary of SU8 matrix, the intensity of SAED pattern is faded which is further conformed that iron oxide nanoparticles embedded in the SU8 matrix. It should be noted that TEM analyses are only for morphological characterization purpose.
However, functionalization and embedding could be efficiently confirmed by FTIR analysis.
Chemical Nature and Crystalline Phase of Iron Oxide NPs
The quality and chemical composition of (a) as-synthesized, (b) oleic acid functionalized, and (c) SU8-mixed iron oxide NPs were further examined by Fourier transform infrared (FTIR) spectroscopy in transmission mode and are shown in Figure 2 (i). In the as-synthesized sample, weak adsorption bands appeared at 3412 and 1587 cm -1 as well as a strong adsorption band at 581 cm -1 . The weak adsorptions bands could be attributed to the stretching vibration and bending vibration of the absorbed water and surface hydroxyls, respectively. [41] Moreover, the presence of the strong band is due to Fe-O stretching vibration. Surface absorbed moisture is common during sample preparation for FT-IR analysis. Therefore, the FTIR spectrum confirmed that the synthesized product was pure iron oxide NP (a). The bands at 1395 and 1458 cm -1 can be ascribed to the symmetric and asymmetric stretches of COO -,
indicating that the oleic acid molecule is attached to the iron oxide nanoparticles in a bidentate mode, with two oxygen atoms symmetrically coordinated to iron (b). [42] The characteristic vibrational bands at 2852 and 2920 cm -1 are attributed to the symmetric and antisymmetric -CH2 stretching from the structure of oleic acid. [42] In addition, the band at 1639 cm -1 is due to C=C from oleic acid. The SU8-mixed iron oxide sample shows several characteristic bands at 830, 1245, 1608, and 1738 cm -1 , which respectively correspond to an epoxide, aromatic ring, and carbonyl group from the SU8 molecules. [43] Figure 2 (ii) shows the X-ray diffraction (XRD) patterns that were implemented to examine the crystal structure of iron oxide nanoparticles (a) before and (b) after functionalization, and (c) SU8-mixed samples. All characteristic peaks are matched with the cubic spinal-structured magnetite (JCPDS card no. 65-3107). [44] The optical properties of the as-synthesized and functionalized samples were also investigated by UV-Vis absorption (supporting information in Figure S2 ). The UV-Vis absorption spectrum shows that, as the wavelength decreases, absorbance increases monotonically, which is congruent with previously reported iron oxide nanoparticles. [45] The UV-Vis spectrum indicates that the wide absorption range from 300 to 900 nm occurred with a broad peak center at 400 nm, corresponding to iron oxide absorption. The wide absorption may be caused by cluster formations of iron oxide NPs in an ethanol solution, which scattered almost UV radiation and provided long-tail type features in the UV-Vis absorption spectrum. to the bulk iron oxide, [46] the decrease in MS was attributed to the decreased particle size and an increase in surface area.
Magnetic Properties of Iron Oxide NPs
The energy of a magnetic particle in an external field is proportional to its size or volume via the number of magnetic molecules in a single magnetic domain. When this energy becomes comparable to the thermal energy, thermal fluctuations will significantly reduce the total magnetic moment at a given field. [47] Such a phenomenon is more prominent with small nanocrystals. The temperature-dependent magnetization was also characterized (supporting information in Figure S3 ), which is typical to magnetic nanoparticles. Zero-field cooled (ZFC) and field-cooled (FC) curves were measured in a magnetic field of 100 Oe in the temperature range of 5 to 300 K. The graph shows the two FC and ZFC curves, which have a divergence point close to room-temperature. Moreover, FC magnetization remains nearly constant as the temperature decreases, whereas ZFC magnetization decreases as the temperature decreases. There is no distinctive blocking temperature (TB), which must be investigated further by varying the magnetic field.
Inkjet Printing of Magnetic Ink and Fabrication of Fully Printed Tunable Inductor
As-synthesized iron oxide NPs were used for ink formulation with 10wt% loading in water solvent. To confirm the particle size aggregate in the ink, the ink was diluted 10-times with deionized (DI) water and characterized using Zetasizer (as shown in Figure S4 ). The graph clearly shows the size distribution with number of particles. The ~51.7% particle aggregates correspond to 121.5 nm, 48% for 242 nm and 0.2% for 2582 nm. The ink was inkjet printed under constant printing conditions and vertically dropped from the nozzle, which formed dots (supporting information Figure S5 ) and lines (supporting information Figure S6 & Figure   S7 ) on the glass substrate. The 3D image of the dots shows the uniform dot pattern with a high density of NPs covering the entire dot area ( Figure S5 The thickness of the as-printed lines with nol is summarized in Figure S8 . The thicknesses of printed lines can be controlled by the number of overprinted layers and by varying the drop spacing.
In order to evaluate the functional properties of the magnetic ink, a tunable inductor has been fabricated on top of an inkjet printed magnetic film, as shown in Figure 4 . First iron oxide nanoparticles ink has been inkjet printed on a plastic substrate with 5-overprinted layers,
followed by drying at 80 0 C for 30 min (Fig. 4(a) ). The printed film resulted in a saturation magnetization of approximately 12.4 memu under an applied field of 1 kOe, while the coercivity is found to be 46 Oe, as shown in supporting information Figure S9 (a). After printing the magnetic film, a total of eight layers of silver-organo-complex (SOC) based silver ink has been printed and cured using infrared (IR) heating for five minutes (Fig. 4(b) ). Finally, the fully printed tunable inductor is attached on an FR4 board (support substrate) for testing purpose, as has been shown in (Fig. 4(c) ). is observed when lower magnetic field of 2 kOe is applied. It should be noted that the fully printed inductor realized with our formulated ink shows much higher tuning than the case when commercial iron oxide nanoparticles ink has been used (only 0.8% tuning with 5 kOe magnetic field, supporting information Figure S10) . [34] The results summarized in Table 1 clearly indicate superior performance and suitability to tunable RF components as compared to the commercially available ink.
Fabrication of Free-standing Magnetic Substrate and its Characterization
Functionalized iron oxide nanoparticles were successfully embedded in the SU8 matrix to develop free-standing magnetic substrate. The functionalized iron oxide nanoparticles were mixed using stone mortar and pestle with the SU8 2000 (Microchem) epoxy resist at a 50:50
weight % ratio to formulate ink paste. When the ink paste was ready, it was printed using a manual screen-printing technique (i.e. squeegee). The steps for the fabrication process are displayed in Figure 6 . An FR-4 board with a sacrificial paper on the backside was used as a support material in this work, though any other material can be used instead of FR-4. The sacrificial paper was used because the ink was initially in a paste form and a support substrate is required until it solidifies after UV exposure. A slot was created in the support material using LPKF4 Protomat S103 (a) to facilitate the printing of magnetic ink for a precise substrate thickness of 1.5 mm. The empty slot was filled with the ink paste in three cycles.
For each cycle, the filled materials were heated to 80 0 C for 15 minutes followed by UV curing (λ=365 nm) for 15 minutes (b). Once the ink was solidified with three cycles of the heating and the curing process, it was separated from the support material by cutting it from the edges (c). The sacrificial paper on the back of the magnetic substrate was removed by immersing it in warm water for 10 minutes. A 10 µm smoothening layer of '3D vero black plus' material [20] was then inkjet printed and photo cured on the top (d) and bottom (e) of the magnetic substrate. A total of eight layers of SOC ink each for ground plane and patch antenna were printed and cured using infrared (IR) heating for five minutes (f). The final prototype of patch antenna is shown in the inset of Figure 6 (f). The preparation of freestanding substrate was performed through manual printing. However, it is envisioned that through integrating advanced printing technology, such as a 3D printer equipped with a UV curing system, in-demand magnetic objects can easily be created.
Magnetostatic and Microwave Characterization
Once the magnetic substrate is prepared, it is important to characterize its magnetostatic and microwave properties. A vibrating sample magnetometer (VSM) was used for the B(H) curve measurements of the magnetic substrate, where B is the magnetic flux density and H is the magnetic field strength. The substrate, without any metallic layers on top, was placed in the VSM; the measured B(H) curve results are displayed in Figure 7a . The substrate demonstrates a saturation magnetization (4πMS), coercive field (HC), and remanent magnetization (BM) of 1560 Gauss (G), 46 Oe, and 350 Gauss, respectively. For microwave tunable designs, stronger the saturation magnetization, larger is the tunability of the component. Here, the value of 1560 G is acceptable and can provide decent tuning. In the future, this value can be increased by modifying the composition of the ink. After obtaining saturation magnetization, the next important parameter is the magnetization frequency of the substrate. The magnetization frequency is an important characteristic of ferrites because the ferrites do not show any low field losses after this frequency. [48] From the saturation magnetization, the magnetization frequency of the material is calculated using the following formula: fm = 4πMS = 4.37 GHz. It is recommended that the center frequency of a microwave device be higher than the magnetization frequency of the substrate to avoid any low field losses. [49] Once the magnetostatic properties of the material are known, it can be studied for its high frequency and microwave properties. To extract the microwave properties of the printed substrate, a coplanar waveguide (CPW) based ring resonator was designed and fabricated on top of the substrate. [50] The resonator was characterized for its S parameters from 1 GHz to have been used to extract the dielectric constant of the material. Since this is a magnetic material, the result obtained from the equation provides a product of the initial permeability and permittivity. This product is displayed in Figure 7b . The value of this product varies with respect to the frequency, which is expected due to the varying initial permeability of the ferrite material. [51] Using this equation, the permittivity and permeability of the medium at different frequencies were calculated and are listed in Table 2 . Since the material is lossy below fm, frequencies above fm are considered in the table since these are the frequencies that can be used for the antenna design. In the initial design of any microwave device, this product can directly be used in the equation of the resonant frequency. In addition to the dielectric constant, the loss tangent (tan) of the material was calculated from the measured results. The conductor losses were calculated using the transmission line calculator of the Keysight in the Advanced Design System (ADS). The measured conductivity of the metal is 5 × 10 6 S/m, which was used to evaluate the conductor loss for different frequencies. Once the conductor loss was known, the dielectric loss of the material was evaluated. The loss tangent of the substrate at frequencies below fm is relatively high. For example, at 2.4 GHz and 4 GHz, the loss tangent values are 0.13 and 0.015 respectively, due to the low field losses of the magnetic material in the absence of the magnetic bias. [49] However, the loss tangent values at frequencies above fm are in the acceptable range.
Printed Linear Patch Antenna
The magnetostatic and microwave characteristics of the printed magnetic ink were then used for the design of a patch antenna. The patch antenna design was used as proof of concept to show the viability of this ink in the implementation of tunable and reconfigurable passive microwave components. A rectangular patch antenna operating at 8GHz was designed and fabricated using inkjet printing, as shown in Figure 8 % of the center frequency. Further increasing the bias resulted in a slight increase in the resonant frequency of the antenna, which could be because the substrate was saturated for a bias field strength of 3.7 kOe. After this value, strong fields are required to tune the antenna using the Polder's equations 30 . The measured reflection coefficient of the antenna at a bias value of 3.7kOe is shown in Figure 8 (b). The antenna maintained its matching condition during the entire tuning range, which is required from such a design. No significant effect was expected on the antenna radiation pattern due to the applied bias, as it has been reported that the radiation pattern of a ferrite-based patch antenna does not change significantly in the biased state.
[52]
Conclusions
In conclusion, this study successfully performed the preparation of the iron oxide nanoparticles and their ink-formulation to demonstrate the fully printed highly tunable inductor. Further, oleic acid functionalization and integration of nanoparticles with SU8 is performed to fabricate the first printed free-standing magnetic substrate. The materials are characterized in detail to obtain the morphological, structural, chemical, optical, and magnetic properties. Furthermore, the printed substrate is characterized for its magnetostatic and microwave properties. The magnetic substrate demonstrates a saturation magnetization of 1560 Gauss and a calculated magnetization frequency of 4.37 GHz. To prove the functionality of the ink, a patch antenna design was implemented. The antenna successfully demonstrates the frequency tuning due to the application of magnetostatic fields across it. For a center frequency of 8 GHz, a tuning range of 12.5 % was achieved at a magnetic field strength of 3.7
kOe. Such a functional ink is not only highly suitable for tunable and reconfigurable microwave devices, but could also be explored in sensing, biotechnology, and biomedical areas. were used as they were received, without further purification.
Experimental Section
Chemicals
Synthesis of Iron Oxide NPs:
As in a typical synthesis process, 0.01 M iron (ii) chloride (~0.596 g) and 0.02 M iron (iii) chloride (~1.621 g) were dissolved in 300 mL of deionized (DI) water, followed by mixing of 1 mL of acetic acid. The resulting solution was then slowly heated in a three-necked refluxing pot while stirring (1000 rpm). When the temperature reached 90 0 C, 2 g of NaOH was added. This resulted in a black solution, indicating the formation of Fe3O4 NPs. In this reaction condition, sodium hydroxide acts as a basic source and acetic acid to break the precipitates for the formation of uniform and disperse Fe3O4 NPs.
After 10 to15 minutes of refluxing, the black colloidal solution was obtained followed by centrifugation at 3000 rpm for two minutes, and washing with deionized water and ethanol. Fabrication of a Printed Antenna on Magnetic Substrate: An in-house SOC ink was utilized in this work to print an antenna on magnetic substrate. The SOC ink can produce smooth and dense films; it is stable and transparent (full details are covered in the reference). [15, 20] The antenna was printed on magnetic substrate (t= ~1500 µm) using eight layers of AOC ink at 30 um drop spacing with a 10pL Dimatix DMP 2831 inkjet printer. A low-cost 250-watt IR lamp was used to cure the ink by placing the substrate under the lamp for five minutes after each printed layer. The maximum measured temperature of the substrate was 80 °C.
Ink Formulation and Inkjet Printing Using Iron
Characterization:
The structural properties were examined using scanning electron microscopy (Zeiss Merlin with Gemini 2 column) and transmission electron microscopy (FEI Titan G2 80-300 kV equipped with a 2 k × 2 k CCD camera model US4000, Gatan, Inc). The elemental quantification was examined with energy dispersive spectroscopy (EDS) equipped with FEI Nova Nano. In addition, the thicknesses and uniformity of printed features on substrates were measured using a surface profiler (Veeco Dektak 150). The crystallinity of the iron oxide powders was examined by X-ray diffraction (Bruker D8 Advance) in the range of 20 to 70º at 40 kV. Furthermore, the UV-Vis absorption spectrum of the ink was obtained using a UV-Vis spectrophotometer (Cary 100 UV-Vis-NIR) with a standard 1 cm liquid cuvette and a background calibration that was run using ethanol. The chemical functionalization has been characterized by FT-IR spectrometers (Nicolet 6700). The FTIR sample is prepared using KBr pellet method. Approximately 0.1 to 1.0 % sample is well mixed into ~200 mg fine KBr powder and then finely pulverized using stone mortar and pestle. After pulverization, the resultant powder is placed in to a pellet-forming die for making transparent pellets. In order to correct the infrared light scattering loses in the pellet, a background measurement was done on a pellet holder with a pellet of KBr only. Finally, the sample was loaded and its measured infrared spectrum was recorded. Furthermore, viscosities of the inks were measured using a Brookfield Rheometer (DV3T). The surface tensions of the inks were measured by using a KRUSS DSA100 based on pendant drop method. The particle size analysis of the ink was done using Zetasizer (Malvern instrument). Before analysis, ink was diluted 10-times with de-ionized (DI) water. The magnetic properties of iron oxide nanoparticles were examined by SQUID-VSM.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. An iron oxide nanoparticle-based magnetic ink is developed, which has been completely characterized for its material properties, and then realized its utility through a fully printed, magnetically controllable RF device. This first demonstration of a fully printed RF device is an important milestone for the next generation of low-cost tunable and reconfigurable components that can be realized through additive manufacturing. Figure S1 . TEM, HR-TEM images, and SAED patterns of (a) pure iron oxide, (b) oleic acid functionalized, and (c) SU8-mixed iron oxide nanoparticles. 
